INTRODUCTION
During the last decade, microchannel plate (MCP)I detectors have been widely used in x-ray,2 extreme ultraviolet (EUV),3,4 and ultraviolet 5 astronomy. High quantum efficiency, low background, and two-dimensional imaging capabilities make the MCP a suitable detector for a sky survey instrument. The Extreme Ultraviolet Explorer' satellite, to be launched in 1987, will use MCP detectors; and it was in the course of the instrument development for this program that the results described in this paper were obtained.
Although MCP detectors have good quantum efficiency, one feature of their construction inherently limits their efficiency: the walls of the individual channels which make up the channel plates are of finite thickness and thus form an interchannel web. Under normal circumstances, this web does not contribute to the detector's quantum efficiency. To overcome this limitation, schemes to decrease the area of the web have been tried, such as using square channels or funneled channels. 7 Research by Panitz and Foesch,8 however, suggested that these complex manufacturing procedures might be unnecessary. They demonstrated that when an MCP was bombarded with ions, electrons were ejected from the electrode material coating the web. With a small electric field applied between the input face of the MCP and a grid above the face, these electrons were returned to the MCP surface where they were detected. Subsequent experiments used a similar principle to enhance the QE ofMCPs to incident photons. 7 ,9 These results encouraged us to perform a detailed study of such enhanced quantum efficiencies, using extreme UV wavelengths.
I. EXPERIMENTAL ARRANGEMENT
A schematic ofthe instrument arrangement is given in Fig. 1 . The MCPs were manufactured by Galileo ElectroOptics and had hexagonally packed round channels with a diameter of 25 Il, a channel separation of 31 Il and a bias angle of 8°. The open area of the MCPs was, therefore, 58%; the overall diameter was 25 mm. The channel length to diameter ratio was 40 : 1. The electrode material on the MCPs was chromium and extended one channel diameter into each channel. To achieve high gain, the channel plates were run in a tandem configuration with bias resistors setting voltages across each plate, between the plates,1O and between the back plate and the anode. These bias resistors were chosen to operate the detector with a peaked pulse-height distribution with a resolution, defined as the FWHM of the distribution, between 120% and 185%. The peak of the distribution (the modal gain) was between 2.8 X 10 6 and 4.0 X 10 6 for the angle of incidence and wavelengths of the radiation used in the experiment. Electrons emerging from the rear MCP were proximity focused onto a two-dimensional resistive anode based on the geometry developed by Gear, II and Lampton and Carlson.12 This type of detector arrangement, a RANICON, has been discussed in the literature. 13 The electronics' discriminator was set to ignore all pulses less than 0.5 X 10 6 gain. The anode was kept at ground while the input face of the front MCP was operated at -2500 V. The front MCP was illuminated with a collimated beam of monochromatic EUV radiation. Emission lines from hydrogen and helium at 1216,584, and 304 A were generated by a hollow cathode source.
14 An aluminum III line at 170 A was produced in a Penning discharge lamp.'5 Wavelengths were selected using a 2-m McPherson monochromator. The illuminating beam was then collimated by a pinhole to produce a spot approximately 6 mm in diameter on the input surface of the detector. The beam divergence was 0.1 0. The light was incident at 30° to the direction of the channels of the front plate, or equivalently, at 22° to the normal of the detector. Typical count rates were 10 3 _10
4 cis, well below those at which significant MCP gain sag occurs. 16 The input surface of the front channel plate of the RANI CON was preceded by a nickel mesh as shown in Fig. 1 . The spacing of the mesh wires was 1270 p. and the width of the wires was 127 p.. The mesh was 28 p. thick. For the 22° incidence angle of the radiation, the attenuation was 20%. The mesh was mounted 1800 p. from the input face of the channel plate; variations from planar field equipotentials are calculated to be less than 0.1 % in the region from 30 to 530 p. above the MCP.
Absolute quantum efficiency measurements were ob- >- 
III. DETECTOR RESOLUTION, BACKGROUND, AND PULSE-HEIGHT DISTRIBUTION
We have studied the effect of an applied electric field on other MCP performance parameters, in order to de- termine the optimum operating conditions. Due to the ballistic trajectories of the photoelectrons ejected from the web, a point image on the web will be detected as a halo around the illuminated point. When the MCP is illuminated, the total image detected is a composite of directly illuminated channels and image halos. If the FWHM of the halo is large, image degradation will occur. In Fig. 6 we show the FWHM of the image halo as a function of the electric field at 304 A. As shown, no halo is detected for negative electric fields. When the field becomes slightly positive, the halo FWHM abruptly increases coincident with the abrupt increase in QE shown in Fig. 3 . As the field is increased further, the halo shrinks rapidly. For fields above 0.3 V / /l, the halo size is small enough that the intrinsic detector resolution of -100 /l precludes its measurement.
In Fig. 7 we show the detector background count rate as a function of the electric field. As can be seen, there was no effect on the detector background until field values larger than 0.5 V//l were reached. The field value of 0.5 V / /l corresponded to a grid voltage of -3400 V. As the field was increased further, the count rate was found to continue increasing, and became highly erratic. It is probable that this increase in background was due to field emission from the grid. Because of this, grid designs must minimize the number of sharp edges on high voltage surfaces.
The gain and pulse-height distribution from the MCP was also studied as a function of the electric field value. We found that the modal gain varied by less than 5% over all field values at each wavelength studied. The FWHM of the pulse-height distribution was found to change by less than 10%. We measured the pulse-height distribution (PHD) of the additional counts detected with the positive electric field, by subtracting a PHD collected with a negative field from a PHD collected with a positive field. The PHD for the interchannel events had a modal gain and pulse-height distribution FWHM identical to the channel events, to within 3%.
Combining our findings for spatial resolution, detector background, and pulse-height distribution, we find that at 304 A it is best to operate with an applied electric field of between 0.3 and 0.5 V / /l. In this field range, none of the detector performance parameters are degraded, and the quantum efficiency increase is still large.
IV. THEORETICAL ANALYSIS
The QE variation due to the applied electric field can be understood in terms of the behavior of photoelectrons emitted in the channel throat and from the interchannel web. By varying the field near the input face of front MCP, the trajectories of these electrons will be influenced and the detector quantum efficiency altered.
As can be seen in Figs. 2-5, there is a small increase from 5% to 20% in the quantum efficiency as the field is raised from -1.25 to 0 V / Jl at all of the wavelengths. For negative fields, there is a Schottky lowering of the potential barrier of the electrode material coating the web. This reduction is D.cf> = (-eE/47rfo) 1/2 (= 0.042 V for E = -1.25 V/Jl), and results in an enhancement of the photoelectric yield of the electrode material. 18 Due to the direction of the field, however, these additional photoelectrons will be collected by the mesh, and hence will not contribute to the quantum efficiency of the detector. The small increase from -1. 25 to 0 V / Jl is most likely due to field fringing at the throat of each channel. For grid voltages corresponding to negative field values, the zero-potential field surface intrudes into the channel throat. Hence, some of the photoelectrons ejected at the throat of the channel will be drawn out of the channel to the grid. As the field is increased, the zero-potential surface moves out of the channel throat, and more photoelectrons from the throat are counted.
As soon as the electric field direction between the input face of the MCP and the mesh becomes positive, all of the photoelectrons having insufficient energy to traverse this gap will return to the input face. The general features of this process are expressed in the following formula for the quantum efficiency:
where QE CH is the quantum efficiency of the channels at the wavelength and angle of incidence in question, W is the fraction of detector area occupied by the interchannel web, y is the photoelectric yield of the web material at the relevant wavelength and angle of incidence, and De is the electron detection efficiency of the channels. Higher-order terms exist for secondaries produced from the photoelectrons that hit the web rather than the channels, and for photoelectrons that elastically collide with the web and then land in the channels. where Ilqjll = max(qj) and Wllqjll < l. Since the electric field is conservative, photoelectrons will leave and hit the web with the same energy distribution. For these lowenergy photoelectrons (most below 10 eV), the secondaryemission coefficients'9 qj are between 10% and 55%. Taking IIqjll = 55%, Eq. (3) predicts that the sum of the terms for n ~ 2 will contribute less than 30% of the n = I term. For our purposes, Eq. (I) is, therefore. a good approximation of Eq. (2) . Equations (I) and (2) also assume that the photoelectron initial and terminal locations are totally random on the input face of the MCP. This assumption is not completely valid. This discrepancy will be discussed below. Nonetheless Equations (1) and (2) do not include the effects of the photoelectron trajectories. To include these, we rewrite Eq. (I) as (4) where F is a function of the electric field, E, the photoelectron energy distribution, '1'( U), the photoelectron angular distribution, N( 0), the separation between the mesh and the MCP. d, and G a geometric description of the arrangement, size, and shape of the microchannels that perforate the input surface of the channel plate. To obtain Eq.
(I), we ignored the dynamic functional dependences of F[E, CP(U). N(O), G, d] and approximated

F[E. '1'( U), N(O). G, d] = W( I -W).
(5)
V. SIMULATION
We developed a computer simulation to generate the function G, d] accurately for the specific geometry of our experiment. In this simulation, a photoelectron contributes to
it is emitted from the interchannel web, and after following a trajectory determined by its energy, angle of ejection, and by the electric field, enters a microchannel. We assume that the electric field E is constant between the mesh and the front of the MCP. This is a good assumption for the electric field in the region from one channel spacing above the MCP to one mesh spacing below the mesh. at an angle 8 to the normal to the surface is given by its ballistic trajectory as 2U sin 28 r= Ee (6) The probability that a photoelectron is emitted at an angle 8 to the surface normal is approximately23
In the simulation, photons are incident on a channel plate whose front surface has the same channel spacing and channel diameter as our experimental channel plates. A distance between the mesh and the MCP of d = 1800 JL was used. On the average, 58% of the incident photons enter the channels directly, and 42% of the photons impinge on the web at random locations. As an initial assumption, we considered monoenergetic photoelectrons ejected from the web at random angles weighted by the angular distribution of Eq. (7). 10 9 photoelectrons/mm 2 were ejected at each voltage to minimize statistical fluctuations.
In Fig. 8 we show the results for monoenergetic pho-
toelectrons. The function F(E, U) is plotted vs EI U(V I
JLleV). The web contribution to the channel plate quantum efficiency is
These results confirm the validity of our initial assumption in Eqs. (1) and (5). From 6 X 10-4 to 2 X 10-1 V/JLleV, the mean value of F(E, U) is equal to W(l -W) = 0.24. From 10-4 to 5 X 10-4 V/JLleV, the rate at which F(E, U) rises is set by the plate-mesh separation of d = 1800 JL.
Also plotted in Fig. 8 is the FWHM of the image halo H(E, U) formed by the detection of photoelectrons from the interchannel web, as a function of electric field. The size of the halo is found to relate to the shape of F(E, U). From 10-2 to 2 X 10-1 V/JLleV, there are discernible modulations in F(E, U), caused by the lattice arrangement of microchannels on the input face of the MCP. These modulations become large when the halo size is a few microchannels wide. The halo size is found to de-crease with increasing electric field. The web's contribution to the quantum efficiency F(E, U) decreases only for a halo radius less than 15 JLm, which is about one-half of the separation between the channels. The high voltage fall-off above 2 X 10-1 V I JLle V is due to photoelectrons not reaching the nearest channel, and being returned to the web.
To make a quantitative comparison of our model with our measurements, it was necessary to convolve F(E, U) with the photoelectric energy distribution, CP( U), for the material coating the web. The web surface material is a mixture of chromium and the chromium oxides. Photoelectric energy distribution data was unavailable for this surface composition. Soft x-ray photoelectron energy distributions (PEDs) for a mixture of aluminum and aluminum oxide, however, have been published by Henke et al, 24.25 We assumed that Henke's data approximated the PEDs that could be measured for a mixture of chromium and its oxides in the extreme UV and soft x-ray regions. According to Henke, the PED is essentially unchanged between 1 and 124 A. We, therefore, have used his Al PED for 44.7 A to simulate our 170 A data. Due to qualitative similarity of our 170, 304, and 584 A results, this distribution was also used for these wavelengths. The result of the convolution of the aluminum distribution with F(E, U) was used with Eq. (4) to produce the solid curves on Figs. 2-4 at 170, 304, and 584 A. As can be seen, these curves adequately reproduce the experimental data to better than 10%.
To produce these curves, we first fit a horizontal line from -1.25 to 0 V I JL to the mean value of QE measured at each wavelength. This fit of QECH( 1 -W) was made because our model does not quantitatively describe the negative field detector behavior. The slope of the curve from 0 to 1.25 V/JL was determined from the normalized convolution the data. This second fit was done to eliminate any errors that might be made in estimating (from reported yields or absorption coefficients 25 . 26 ) the quantum yield y and the electron detection efficiency De as well as to adjust for the absolute error in measured QE. Over the range of our data, F[E, CP( U)Al] is approximately a line. Although the fit of the model to the data is seen to be good, it will be slightly better if the peak increase is taken as an average of the data in the plateau region predicted by the model.
Our model was also used to simulate the FWHM halo size as a function of the applied electric field. The solid curve on Fig. 6 is the result of the convolution (10) and is a measure of the photoelectron image halo FWHM. This convolution is found to agree satisfactorily with the data at 304 A. However, the method used to infer FWHM halo sizes from knife-edge measurements is imprecise, resulting in values uncertain to within a factor 2.
No simulations were done at 1216 A. The pronounced reduction in QE at high electric fields indicates that the photoelectron energy distribution at 1216 A is of a lower mean energy than at the other wavelengths. Above -1000
A, most of the incident photons are reflected and thereby not available for generating photoelectrons. The image halo radius is inferred to be approximately one channel separation, when the field is only 0.2 V / JL.
The difference between Fig. 5 and Figs. 2-4 illustrates that there is a necessary tradeoff when running channel plates with a fixed electric field, if the detector is operated over a large range of wavelengths. Between 0.3 and 0.4 V / JL, the spatial resolution is regained for 170, 304, and 584 A, but the QE increase at 1216 A has dropped by 70%. Depending on the application, a compromise electric field value must be chosen. A possible advantage is the ability to suppress or spectrally separate the longer wavelengths, due to their smaller halo sizes.
VI. COATED CHANNEL PLATES
Figures 2-5 show that even with the applied electric field, the quantum efficiencies are less than 10%. We have found these results to be typical for uncoated channel plates. 27 An examination of Eq.
(1) reveals two terms which can increase the quantum efficiency of the detector: QECH, the quantum efficiency of the individual microchannels, and y, the photoelectric yield of the material coating the interchannel web. If the front of the channel plate is coated with a material having a high photoelectric yield, the web can contribute more to the detector's QE than do the channels that are hit directly by the incident radiation. This conclusion is valid even if the substance coating the channel-plate surface penetrates into the channels, since the photoelectric yield of a substance is strongly dependent on both the angle of incidence and wavelength of the incident radiation, and yields can be higher for the webbing.
Unpublished measurements by Martin 28 have shown this hypothesis to be the case for a CsI coated MCP with UV light incident at a large angle to the channels. They observed that with incident radiation of 1730 A, at 28° to the channels and 20° to the normal of the MCP, the web coated with CsI was responsible for 79% of the total QE of the detector. This was the case even though the channel efficiency was also increased by coating the channel throat with CsI to a depth of one channel diameter.
If in Eq.
(1), the QE is maximized with respect to W, the fraction of area occupied by the web, we find: W=~(I_QECH), W~O. (2), however, shows that our conclusion still holds. The higherorder terms of Eq. (2), resulting from secondaries produced on the web, will tend to increase further the web's contribution to the detector's quantum efficiency.
